Background: Rapamycin is produced from Streptomyces hygroscopicus, and was initially identified as an antifungal antibiotic. More recently, rapamycin has been found to have various medical applications, including in relation to immunosuppression and anti-aging. Due to its complex structure, biological production is the major route for commercialized rapamycin production. The conventional fermentation process requires a large seed fermenter for the inoculation process (in general, the volume of the seed fermenter is equal to 5-10 % that of the production fermenter), which presents challenges with regard to scaling up production, due to the high investment costs of seed fermenters. This study explored different inoculation strategies for rapamycin production in a 15-L agitation fermenter.
Background
Rapamycin was initially identified as having the medical function of an antifungal antibiotic, and was purified from an isolated Streptomyces hygroscopicus from Easter island soil in 1975 (Sehgal et al. 1975) . Furthermore, rapamycin has been shown to have various medical applications, such as immunosuppression by inhibiting T cell activation and proliferation (Michaela Kuhnt et al. 1997) . Of perhaps more interest is that rapamycin has been suggested to have a potent anti-aging function, by inhibiting mammalian targeting of rapamycin (mTOR). Due to its wide medical applications, the production of rapamycin through the biological process of S. hygroscopicus cultivation has attracted much attention in recent years.
Various fermentation strategies of S. hygroscopicus for the enhancement of rapamycin production have been explored, such as the optimum carbon source (Kojima et al. 1995) and nitrogen source screening (Lee et al. 1997) . Besides the study of medium components, the use of a high dissolved oxygen (DO) environment is beneficial to rapamycin production. Nevertheless, the aim of high rapamycin production is to keep the intact pellet form Open Access *Correspondence: hwyen@thu.edu.tw Department of Chemical and Materials Engineering, Tunghai University, 1727, Sec. 4, Taiwan Boulevard, Taichung 40704, Taiwan of S. hygroscopicus, even under the high DO conditions. Therefore, the addition of pure oxygen to avoid the high shear force resulting from rapid agitation speed has been carried out, with 780 mg/L of rapamycin being obtained in a 5-L fermentor batch with DO controlled to over 30 % using pure oxygen . In addition to DO, it has also been suggested that the pH value can alter the related metabolic pathway, thus changing the process of rapamycin production. More recently, a two-stage pH control strategy with no pH control in the first stage and with the pH controlled at 5.5 in the second stage was proposed to enhance rapamycin production .
Besides the effects of fermentation process parameters on rapamycin production, the morphologies of microorganisms also play a crucial role in the resulting metabolite products (Dobson et al. 2008; Ilić et al. 2008; Treskatis et al. 1997) . It is well known that the cultivation conditions, including chemical and physical parameters, would change the morphology of actinomyces, and further affect their antibiotic productivity (Chen et al. 1999; Dobson et al. 2008; El-Sabbagh et al. 2006; Kanda et al. 2010) . For example, a relationship between morphology and productivity of antibiotics by Streptomyces has been found, including with regard to the composition, structure, hydrophobicity or charge of the cell wall, as well as the presence of extracellular polymeric substances (Choi et al. 1998; Jonsbu et al. 2002; Pinto et al. 2004; Tamura et al. 1997) . The morphology of Streptomyces may vary from a free filamentous suspension to pellets, depending on the degree of aggregation. The entanglement of prolonged filaments leads to the formation of pellets in submerged fermentations as a result of the aggregation of spores and/or hyphae. It was reported that such pellet-formed processes depend strongly on the species and the process conditions employed, and there may be a direct or indirect relationship with regard to the effects of morphology on the formation of metabolite products. Morphological control has been achieved by increasing the inoculum size, changing the initial pH value of the medium, and using additives, such as carboxymethylcellulose (CMC), chelators, Tween-80, or agar granules. For example, a study reported that adding CMC increased the viscosity of the medium and reduced pellet size, thus increasing rapamycin production in the cultivation of S. hygroscopicus (Yen and Li 2014) . Similarly, smaller pellets can be beneficial to lovastatin production in the cultivation of Aspergillus terreus (Casas Lopez et al. 2005) . The inoculation size can also affect the morphology by providing more growing points, due to the high initial cell density. A paper on the cultivation of Ganoderma lucidum found that a large inoculation density led to a small pellet size and high production of extracellular and intracellular polysaccharides (Fang et al. 2002) . A review of the literature thus suggests that the production of rapamycin by S. hygroscopicus could be enhanced by the use of a more suitable inoculation method.
Moreover, a suitable inoculation method not only can enhance rapamycin production, but also simplify the commercial fermentation process. In a scaled-up fermentation process a high inoculation density means a long inoculation time is required, which increases costs and reduces the economic feasibility of such an approach. Therefore, this study aimed to examine the effects of inoculation strategy on rapamycin production, including the inoculation ratio, amount of spores and type of seeding. The aim is to find a suitable inoculation strategy for rapamycin production in a scaled-up fermentation process that is both efficient and convenient.
Methods

Strain and medium
The strain used in the experiment, Streptomyces hygroscopicus, was purchased from the Bioresource Collection and Research Center, Taiwan, under the catalog number BCRC 16270 (the same as ATCC 29253). A spore suspension was used for the inoculation of S. hygroscopicus cultivation in this study. The spore suspension aliquot was prepared according to the following procedure; agar plates with the sporulation medium (4 g/L dextrose, 20 g/L agar, 4 g/L yeast extract and 10 g/L malt extract) were plated out with the prepared spore solution and incubated at 28 °C for 20-25 days. After the black spores were seen to spread on the surface of agar plates, 1 mL of sterilized water was added to the plates to harvest the spore suspension, and preserved in frozen stock (stored in 25 % glycerin at −20 °C). The count of the prepared spore suspension was about 10 8 spores/mL, as measured in the colony-forming unit.
Inoculation methods
Three inoculation methods were performed in this study, including liquid seed medium inoculation, spore suspension inoculation and mycelium inoculation via solid-state fermentation. Liquid seed medium inoculation was performed using conventional liquid seed medium preparation procedure. A seed culture was initiated by adding l mL of the thawed cell suspension to a 250-mL Erlenmeyer flask containing 100 mL of seed medium (4 g/L dextrose, 4 g/L yeast extract, 10 g/L malt extract) at the initial pH 7.3 for 48 h . A defined inoculation ratio of 2, 5 and 10 % (v/v) of seed medium was then inoculated into a 15-L agitation fermentor. The spore suspension was prepared in the petri-dishes containing the solid seed medium, as described above. After 20-25 days of cultivation, the black spores were observed on the surface of agar plate. Sterile water was used to collect the spores from the surface for the preparation of spore suspension. After the spore suspension was collected, it was inoculated into the 15-L fermentor directly, without the seed medium stage. Two concentrations of spore suspension were examined in this study, 1 × 10 10 /mL (denoted as the low SS batch) and 2 × 10 10 /mL (denoted as the high SS batch). The batch with mycelium inoculation of cereals cultured by solid-state fermentation (SSF) was performed as following: a seed culture was initiated by adding l mL of the thawed cell suspension to a 250-mL Erlenmeyer flask containing 100 mL of seed medium (4 g/L dextrose, 4 g/L yeast extract, 10 g/L malt extract) at the initial pH 7.3 for 48 h. A 1 mL aliquot of the seed culture was then transferred into a solid medium containing 10 g of cereal or bean and 10 mL of water, incubated at 28 °C for 10 days. Eight crops that often be investigated as substrates for solid fermentation, namely barley, buckwheat, brown rice, polished rice, red beans, soybean and green beans (mung bean) were examined in this study (Yang et al. 2013) . After 10 days of cultivation, the white mycelium covered the cereals, and the whole 10 g of each crops along with the mycelium was liquefied with some sterile water using a homogenizer. The homogenized mycelium solution (with the cereals or beans) was then inoculated into the 15-L fermentor.
The fermentation in a 15-L agitation fermentor
The steps used to prepare the seed cultivation and medium components were the same as described in the previous section, except for the addition of 0.05 % antifoaming agent in the fermentation medium, which prevented foaming under severe agitation.
A seed medium was prepared and inoculated into a 15-L fermentor containing a 10-L working volume (4 g/L of yeast extract, 10 g/L of malt extract and 25 g/L of glucose). The fermentor was maintained at 28 °C and an aeration rate of 1 vvm was adopted. The DO level was controlled at about 30 % by adjusting the agitation rate automatically. However, the maximum agitation rate was limited to be no higher than 200 rpm to avoid damaging the pellets.
Analytical methods
The glucose concentration was estimated using a glucose analysis instrument assay (YSI 2300 STAT Glucose Analyzer). Dry biomass was estimated using the moisture analyzer (IR-35, DENVER) assay; 5 mL of whole broth was centrifuged at 7000 rpm for 5 min to harvest the precipitated biomass. Following this, 1 mL of purified water was added into the tube to complete the aqueous mixing of the biomass. The whole aqueous biomass was transferred onto the IR dryer, and water was evaporated by infrared radiation to estimate the proportion of dry biomass. The measurement of rapamycin titer was performed by the HPLC method. A 1-mL aliquot of fermentation broth was centrifuged at 7000 rpm for 5 min. The supernatant was carefully transferred by pipette into a test tube, and the precipitate pellet was extracted again by shaking it with 1 mL of methanol for 20 min at room temperature. The extractant was subjected to HPLC analysis (Hitachi), using a Vercopak C18 column under the following conditions: mobile phase:methanol/water/acetic acid, 80/20/0.1; flow rate: 1.2 mL/min; detector: UV 254 nm (this method was suggested by LC Laboratories) ). The standard rapamycin was purchased from LC Laboratories, USA (catalog number 53123-88-9, purity >99 %).
Results and discussion
Effects of inoculation ratio of liquid seed in a 15-L agitation fermentor
The morphology of microorganisms is known to be affected by the inoculation ratio, and the morphology can further change the metabolic pathway and the subsequent production of metabolites (Fang et al. 2002) . Therefore, the effects of inoculation ratio on rapamycin production were examined in this study. Three ratios of 2, 5 and 10 % (v/v) were used in a 15-L agitation bioreactor for the comparison of rapamycin production, and the results are shown in Fig. 1 . No significant differences in the morphology were observed among all batches with different inoculation ratios, as all were in loose pellet form, indicating that the inoculation ratio would not affect cell coagulation in the agitation tank. The size of the loose pellets was about 0.5-1 cm, and they had an irregular appearance. From the previous study, it was known that several fermentation conditions (such as dissolved oxygen level and medium viscosity) would affect the pellet morphology . Due to the effects of high shear force resulting from the agitation, a lot of mycelium were observed in the broth among all batches with various inoculation ratios. The similar morphology led to the similar biomass that was obtained for all batches. As for the rapamycin production, the batches with 10 and 5 % inoculation ratios had similar rapamycin concentrations, which were higher than that obtained with the 2 % batch. Besides the rapamycin concentration, the batch with a 2 % inoculation ratio had the lowest rapamycin content of 26.7 mg/g, as compared to 51 and 60 mg/g in the batches with 5 and 10 %, respectively. The results thus suggest that the inoculation ratio would not significantly change the morphology, although it did affect the production of rapamycin. An inoculation ratio of at least 5 % is thus suggested to achieve relatively good rapamycin production.
Using spore suspension for the inoculation
As noted in the previous discussion, an inoculation ratio of least 5 % is suggested to achieve good rapamycin production. However, a higher inoculation ratio means that a larger seed tank is needed to satisfy the requirement of a 5 % inoculation ratio, and this might present some problems with regard to scaling up the process for industrial fermentation. The performance when directly using prepared spore suspension for the inoculation, instead of liquid seed medium, was thus examined here. The spore suspension was collected from the mycelium-covered agar plate using sterilized water to have the black spores harvested. A spore suspension of 100 ml with spore concentrations of 1 × 10 10 /mL (low SS) and 2 × 10 10 /mL (high SS) were thus inoculated into the fermentor in two separate experiments. The results for the low and high SS batches are shown in Fig. 2 , and compared to those for the batch with 5 % of liquid seed medium. It can be seen that the batch inoculated with 5 % of liquid seed medium led more rapamycin being produced than when the spore suspensions were used, although the latter produced similar amounts of biomass. In addition to the lower rapamycin production, the batches directly inoculated with spore suspension also had a longer lag phase. The results thus indicated that inoculation using a spore suspension is not a suitable strategy for producing rapamycin on an industrial scale.
The inoculation using mycelia-covered cereals
As noted in the previous section, direct inoculation with a spore suspension is not a good method for the largescale rapamycin production, and thus solid-state fermentation (SSF) of cereals was examined as the inoculation method instead of conventional liquid seed culture. Several cereals and beans were first tested to use as the substrate for the growth of S. hygroscopicus in SSF, namely /mL (high SS batch) on rapamycin production in a 15-L fermentor with DO controlled at about 30 % and at 28 °C barley, buckwheat, brown rice, glutinous rice, red bean, soybean and green bean (mung bean). The results in Fig. 3 show that barley is the best substrate for the growth of S. hygroscopicus among all the investigated crops, based on the resulting rapamycin production, while mung bean is the worst. Indeed, none of the bean crops (red, soy and mung beans) were good substrates for the growth of S. hygroscopicus. After 10 days of cultivation, white mycelium was appeared on the surface of all the cereals and beans. However, the mycelium covered the entire surface of the batch using barley as the substrate, and this also had the highest rapamycin production per kg of crop used. It is thus recommended that barley could be used as the substrate for this submerged fermentation process. The differences in the protein or carbohydrate contents or the C/N ratios of the various substrates might be speculated as the reason leading to the increase of rapamycin using barley (Yang et al. 2013) . In addition to the potential nutrients effects, the physical properties, particularly the smaller particle size of barley make it have the more availability of the nutrients, which could also be the reason leading to the superiority of the barley over the other solid substrates on rapamycin production (Yang et al. 2013 ). However, further works might be needed to elucidate the reasons in detail.
When using mycelium-covered barley as the inoculation method, the whole barley solids were first homogenized with sterilized water to obtain a homogenous solution, and then inoculated into a 15-L agitation fermentor. Figure 4 shows the results obtained with the barley-inoculated batch as compared to the conventional inoculation approach with 5 % liquid seed medium. These show that the production of rapamycin in the batch inoculated with barley had a longer lag phase than that inoculated with the 5 % liquid seed medium. Nevertheless, the final rapamycin concentration of the barely inoculated batch was higher than that obtained with the conventional 5 % liquid seed medium. Since the solid barley substrate was inoculated, the biomass measurements were not very precise at the beginning of the fermentation process, and thus a higher biomass Fig. 3 Rapamycin production using solid-state fermentation (SSF) and various crops at 10 g each with 10 mL of water, 10 days of cultivation at 28 °C Fig. 4 Effects of inoculation with mycelia-covered barley through SSF cultivation on rapamycin production in a 15-L fermentor as compared to the conventional liquid seed medium inoculated at 5 % of ratio was observed. Nevertheless, the results suggest that inoculation with mycelium-covered barley cultured by SSF could have a relatively higher cell growth rate than seen with the control batch inoculated with 5 % liquid medium, as well as a higher rapamycin production. The highest rapamycin concentration that was measured in the batch with inoculated with barley was about 520 mg/L, significantly higher than that of 400 mg/L obtained in the batch inoculated with 5 % liquid seed medium. In addition to the higher rapamycin production, the preparation of mycelium-covered barley solids would avoid the need for a larger seed fermentor when scaling up rapamycin production, even though the solid-state cultivation of S. hygroscopicus required a longer period (10 days in this study) as compared to the 1-2 days required with submerged seed cultivation. The ease of preparation, lower cost process and no need for a large seed fermentor thus make solid-state fermentation very attractive as the inoculation method when compared to the conventional liquid medium approach.
A comparison of several parameters among various inoculation criteria is shown in Table 1 with regard to the liquid seed medium, spore suspension and myceliumcovered barley approaches. It can be seen that the batch with mycelium-covered barley had the highest rapamycin production of 520 mg/L, and a relatively high rapamycin productivity of 3.6 mg/L h. Even though conventional liquid seed inoculation at 10 % had a slightly higher rapamycin productivity of 3.7 mg/L h, a larger seed tank required at a higher inoculation ratio would cause problems with regard to commercial production, due to the greater capital requirement for a more costly fermentor. Therefore, the use of solid barley cultured in SSF for inoculation is more appropriate than that of the conventional liquid seed medium, as it can greatly reduce the cost of this process, and thus make it more economically viable.
The most important thing for an ideal inoculation method is trying to avoid the use of costly seed fermentor in the commercialized rapamycin production. The results indicated that solid-state fermentation (SSF) using barley as the substrate is a suitable method for inoculation. This led to higher rapamycin production compared to that seen with 5 % liquid seed medium, and avoided both the intensive labor requirement and costly seed fermentor needed with the latter approach. The comparison of kinetic parameters obtained in the batch using barley as the seed inoculation with data in literature is shown in Table 2 . Table 1 The comparison of rapamycin production parameters between batches with various inoculation criteria into a 15-L fermenter: liquid seed medium at the ratios of 2, 5 and 10 % (v/v), spore suspension at low and high spore concentrations and mycelium-covered barley inoculated a Inoculation ratio = (seed medium volume/fermentation volume) b Low SS = 1 × 10 10 spore counting per ml of inoculated solution; high SS = 2 × 10 10 spore counting per ml of inoculated solution 
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